We present the results of a density functional theory (DFT) investigation of the surfaces of rutilelike vanadium dioxide, VO 2 (R). We calculate the surface energies of low Miller index planes, and find that the most stable surface orientation is the (110). The equilibrium morphology of a VO 2 (R) particle has an acicular shape, laterally confined by (110) 
symmetric behavior of majority and minority spin electrons, our GGA calculation with initial AFM ordering of the moments converged to a solution very close to the NM groundstate, with nearly zero final magnetic moments. Spin-polarized solutions with different orientation of the magnetic moments can be stabilized for VO 2 (R) using the screened hybrid functional HSE, but as mentioned above, this leads to solutions with artificial gaps at the Fermi level (in both the majority and minority spin channels), 13 which is in conflict with the well-established metallic character of VO 2 (R). 26, 27 Therefore, in the present work we use the plain GGA functional, without any HartreeFock exchange contribution, which gives the correct metallic character of this phase. We first consider the stabilities of five low-index surface orientations ((110), (010), (001),
(111) and (011)) by performing periodic calculations in slabs with stoichiometric composition, thicknesses between 11 and 14 Å (depending on the orientation), and vacuum gaps of ~14 Å (figure 2). The two surfaces of each slab are symmetrically equivalent, and this equivalence is kept during all of the calculations, preventing the formation of the electric dipole moments that can be 5 associated with asymmetric slabs. The cell parameters of the slab are kept constant during the calculations, based on the relaxed cell parameters of the bulk: a=4.617 Å and c=2.774 Å, which are in reasonable agreement with experimental values a exp =4.554 Å and c exp =2.857 Å (deviations of +1.4% and -2.9% for a and c, respectively, and of -0.1% in the cell volume). 28 All atoms in the slab are fully relaxed, and the surfaces energies are then obtained using the standard expression:
where E slab is the energy per slab unit cell, E bulk is the energy of an equivalent amount of bulk solid, and A is the surface area. The equilibrium morphology of a VO 2 (R) particle (ignoring higher Miller indices) is constructed using Wulff's method, which requires that the distance to a given surface from the center of the particle is proportional to the surface energy. We examine the most stable surface further by removing or adding oxygen atoms to form non-stoichiometric compositions. Care is taken here to preserve the symmetrical equivalence of the two surfaces of the slab when removing or adding atoms. The discussion of the stabilities of nonstoichiometric surface terminations is based on the ab initio thermodynamics formalism first introduced by Scheffler et al.. 30 The surface free energy is calculated as:
where
is the excess number of O ions at each surface of the slab (N O and N V are the numbers of O and V ions in the slab model, respectively). It is possible to express the chemical potential of oxygen, assuming equilibrium with the gas phase, as:
The first term within the bracket is the DFT energy of the oxygen molecule. The second term is the difference in the Gibbs free energy per O 2 molecule between 0 K and T, at p 0 =1 bar; this contribution can be extracted from thermodynamic tables 31 in order to avoid the explicit simulation of the gas phase, as done in previous studies. 32, 33 The last term represents the change in free energy of the oxygen gas when the pressure changes from p 0 to p at constant temperature T, assuming ideal gas behavior. We follow the usual convention of expressing the oxygen chemical potential with reference to half the energy of the O 2 molecule, that is:
which makes the chemical potential independent of calculated quantities. In the evaluation of the slab energies we then must subtract half of the energy of the O 2 molecule for each oxygen atom in the slab, for consistency. With this method, it is possible to plot the surface free energies given by equation (2) for different surface compositions as a function of chemical potential, and discuss the redox behavior of the surface. More details about the method can be found elsewhere.
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III. RESULTS AND DISCUSSION

A. Stoichiometric Surfaces
The surface energies for the five crystallographic planes shown in Figure 2 are listed in Table I .
We surface was not considered there). When the surface energies in Table I 
B. Redox behavior of the (110) surface
We now discuss the redox properties of the most stable surface of VO 2 (R), the (110), by comparing the surface free energies corresponding to different oxygen to vanadium ratios at the surface. The number of vanadium atoms in the slab is kept the same as in the stoichiometric surface, but the number of oxygen atoms at each surface is changed by Γ (given by equation 3). Because of the size of our supercell, and assuming that oxygen atoms occupy bulk-like positions around the surface vanadium atoms, only five values of Γ are possible if we constraint to a maximum of 1 monolayer (ML) of adatoms or vacancies: Γ=0 surface is the stoichiometric surface, Γ=1, 2 are the partially and totally oxidized surfaces, and Γ=-1, -2 are the partially and totally reduced surfaces (figure 5). Oxygen positions other than the bulk-like sites will be considered in the case of the fully oxidized surface. Of course, intermediate degrees of oxidation and reduction could be also investigated by using a larger supercell and a configurational analysis of the distribution of excess oxygen/vacancies in order to get a more quantitative picture of the redox behavior, but we will see that the present "coarse-grained" picture already provides very useful information. For the analysis that follows we need the energy of an O 2 molecule. DFT calculations of the triplet groundstate yields a binding energy of -6.08 eV (with respect to triplet oxygen atoms) and an equilibrium bond length of 1.23 Å, which compares well with previous computational studies. 39, 40 The experimental value for the binding energy at absolute zero (-5.12 eV) 41 is considerably less negative than the theoretical result. The overbinding of the O 2 molecule by GGA calculations (by 0.96 eV in our calculations) is a well-known effect. 21 Wang et al. 39 We first discuss the reduced surfaces. Removing one oxygen atom at each surface of the slab, leads to the surface with Γ=-1 (0.5 ML of oxygen vacancies). The vacancy formation energy, calculated as:
is 3.33 eV (3.85 eV after correction) for the bridging oxygen vacancies and 4.30 eV (4.83 eV after correction) for the in-plane oxygen vacancies. The higher stability of the bridging vacancy with respect to the in-plane vacancy has also been reported for the TiO 2 (110) surface. [42] [43] [44] The vacancy formation in the VO 2 bulk is 3.00 eV (3.53 eV after correction), which suggest that any surface vacancies will tend to migrate towards the bulk. This contrasts with TiO 2 rutile, where vacancies are significantly easier to create in the (110) surface (in bridging positions) than in the bulk. 44 Removing the rest of the bridging oxygen atoms from the partially reduced VO 2 (110) surface, forming the surface with Γ=-2, takes much more energy per vacancy (4.07 eV, or 4.60 eV after correction) than removing the first bridging oxygen atoms, but still less than removing in-plane oxygen atoms. This indicates that in-plane oxygen vacancies are only created after all the bridging oxygen atoms have been removed from the surface. We performed a Bader analysisvariation in the charges of the surface ions upon the creation of an oxygen vacancy in a bridging position. The positive charge of all the surface cations is slightly reduced, but most of the reduction is localized on the two V ions that were bridged by the removed oxygen, for which the Bader charge went from +1.88e in the stoichiometric surface to +1.71e in the partially reduced surface (e is the elementary positive charge). The charges of the other surface V cations decreased by less than 0.05e
each. This can be loosely interpreted as the formation of V 3+ cations upon the formation of oxygen vacancies, but it should be remembered that this is metallic system with strong charge delocalization, and therefore any interpretation of the redox behavior in terms of ionic formal charges is very approximate.
On the other hand, the adsorption of one oxygen atom at the surface, leading to 0.5 ML of adatoms (Γ=+1), involves the energy
per adatom, which is -1.58 eV (-2.10 eV after correction). We are assuming here that each oxygen adatom goes on top of a fivefold coordinated V atom, forming a vanadyl species; other configurations will be discussed below. The fact that oxygen adsorption from the gas phase is strongly exothermic already suggests that surface oxidation will be thermodynamically favorable, but a complete analysis requires consideration of the gas partial pressure in equilibrium with the The vanadyl-terminated surface is not the only surface that can be formed with Γ=+2.
Oxygen can be adsorbed also as peroxo species (O 2 ) 2-, with less electron transfer from the surface vanadium atoms to the adatoms than in the case of vanadyl formation. The presence of peroxo species has been investigated for other oxide surfaces, e.g. in the surfaces of alkaline-earth oxides, 47 in MoO 3 (010), 48 in V 2 O 3 (0001), 49 and in FeSbO 4 (100). 32 We have investigated here two types of surface peroxo configurations, which are shown in figure 7 : a flat peroxo species coordinated to one V atom (figure 7b), and a peroxo species bridging two V atoms (figure 7c). We find that both peroxo configurations are locally stable, that is, they correspond to potential energy minima. . 41 The Bader analysis indicates that the charge of the oxygen atoms forming the peroxo groups (~-0.3e) is significantly less negative than the lattice oxygen species at the surface, as expected. The mono-coordinated peroxo species is slightly more stable than the bridging species (by ~24 meV per peroxo), but it is much higher in energy than the vanadyl-terminated surface discussed earlier (by 1.72 eV per peroxo). Therefore, must of the excess oxygen at the VO 2 (110) surface is expected to form vanadyl species.
Finally, we discuss the thermodynamics of surface reduction/oxidation as a function of temperature and oxygen partial pressure in the gas phase. Figure 8 shows the variation of the surface free energies for different compositions with the chemical potential (only the most stable configuration for each Γ is used here). The chemical potential is plotted in terms of temperature and partial pressure of O 2 in the graph below, and given along abscissas for easy comparison with the top plot. To put these chemical potentials in context, we draw a vertical line at the value below which bulk VO 2 becomes stable with respect to bulk V 2 O 5 . This is approximately equal to the enthalpy of the reaction:
ΔH= -1.36 eV, which we obtain from the experimental formation energies of the two oxides. The correction to the O 2 energy does not change the gradient of the lines plotted in figure   8 (top), but does affect the relative positions of the lines (whereas the lines in the bottom of figure 8 are determined only by experimental information and are independent from the calculations).
Regardless of whether the correction is applied or not, the fully oxidized surface is the most stable at ambient conditions. Surface oxidation of VO 2 can be expected for all the conditions under which V 2 O 5 is the most stable bulk phase, including most temperatures and oxygen partial pressure of practical interest for applications. On the other hand, the predicted behavior at the very reducing conditions (below μ O ≈-1.36 eV) under which bulk VO 2 is stable with respect to V 2 O 5 depends somewhat on whether the oxygen correction is introduced, as the uncorrected DFT calculations underestimate the level of oxidation. The corrected results suggest that there is surface oxidation even at these very reducing conditions. At ambient pressure, the excess surface oxygen forming vanadyl species becomes thermodynamically unstable with respect to a stoichiometric surface only at temperatures above ~1600 K.
The strong trend towards oxidation of the VO 2 surface seems consistent with the presence of V 5+ ions at the surface of VO 2 films, which was suggested on the basis of x-ray photoelectron spectroscopy (XPS) measurements by Manning et al.. 6 However, according to these authors, a very thin film (10-20 nm) of V 2 O 5 develops at the surface of VO 2 samples which are exposed to atmospheric conditions, and it is probably this surface film which leads to the V 5+ XPS signal. This experimental observation means that surface oxidation of VO 2 samples occurs at a level much deeper than what we have considered in our models. Our calculations therefore only describe the first stage of surface oxidation, after the formation of VO 2 crystals. Future work will be thus devoted to understand the development of VO 2 /V 2 O 5 interfaces.
IV. CONCLUSIONS
As in rutile TiO 2 , the oxygen-terminated (110) surface is the most stable in rutile VO 2 . The surface relaxation patterns are also very similar in both oxides, as it is the order of stability of other low-index surfaces. The equilibrium morphology of VO 2 (R) has been found to be acicular, laterally confined by the (110) planes; therefore the formation of VO 2 nanowires growing along the rutile
[001] direction is energetically favorable. Because the (110) surface is by far the most prominent surface in the VO 2 morphology, which is in agreement with experimental observations, future theoretical and experimental studies of the VO 2 surface behavior will probably focus on this surface.
The VO 2 (R) (110) surface can be expected to be oxidized even at strongly reducing conditions; it would then be very difficult to grow VO 2 samples that maintain the bulk stoichiometry at the surface. In the initial state of oxidation, the excess oxygen forms surface vanadyl groups, while peroxo species are comparatively much less stable. On the other hand, reduction of the surfaces is thermodynamically very unfavorable, and oxygen vacancies are in fact easier to form in the bulk than in the surface.
The application of a correction to the overbinding of the oxygen molecule within the GGA approximation is found to have a non-negligible effect on the prediction of the surface composition under reducing conditions. The uncorrected results indicate that the VO 2 surface will be stable against oxidation for oxygen chemical potentials in the region where bulk VO 2 is stable. However, after applying a correction to the oxygen molecule energy, it is found that much of the surface excess oxygen can actually survive these very reducing conditions. 
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